H3N2 human influenza A virus causes epidemics of influenza mainly in the winter season in temperate regions. Since the antigenicity of this virus evolves rapidly, several attempts have been made to predict the major amino acid sequence of hemagglutinin 1 (HA1) in the target season of vaccination. However, the usefulness of predicted sequence was unclear because its relationship to the antigenicity was unknown. Here the antigenic model for estimating the degree of antigenic difference (antigenic distance) between amino acid sequences of HA1 was integrated into the process of selecting vaccine strains for H3N2 human influenza A virus. When the effectiveness of a potential vaccine strain for a target season was evaluated retrospectively using the average antigenic distance between the strain and the epidemic viruses sampled in the target season, the most effective vaccine strain was identified mostly in the season one year before the target season (pre-target season). Effectiveness of actual vaccines appeared to be lower than that of the strains randomly chosen in the pre-target season on average. It was recommended to replace the vaccine strain for every target season with the strain having the smallest average antigenic distance to the others in the pre-target season. The procedure of selecting vaccine strains for future epidemic seasons described in the present study was implemented in the influenza virus forecasting system (INFLUCAST)
Introduction
H3N2 influenza A virus appeared and caused a pandemic in the human population in 1968 (Coleman et al., 1968) . Subsequently, this virus has been circulating in humans causing epidemics every winter season in temperate regions (Nelson and Holmes, 2007; World Health Organization, 2009) . Vaccines are available for prophylaxis against human influenza viruses (Henle et al., 1943; Francis et al., 1944) . The main target of vaccination is hemagglutinin (HA), which is the envelope protein most abundantly exposed on the virion surface (Mitnaul et al., 1996) . HA is a homotrimeric type I transmembrane protein glycosylated at the N-linked glycosylation sites (NGS), and the HA1 domain of HA contains the sialic-acid receptor binding sites (RBS) and the neutralization epitopes (Skehel and Wiley, 2000) .
The antigenicity of human influenza viruses evolves rapidly due to the high mutation rate, the short generation time, the host immune responses, and the relatively weak functional constraint operating on surface amino acids of HA1 (Suzuki and Nei, 2002; Smith et al., 2004; Suzuki, 2006 Suzuki, , 2013a Bedford et al., 2012) . Consequently, vaccines are re-formulated biannually by the Global Influenza Surveillance and Response System of the World Health Organization under the assumption that the dominant strain in a year may dominate in the next year (Treanor, 2004; Russell et al., 2008a) . However, this assumption does not always hold and the antigenicity of vaccines sometimes fails to match that of epidemic viruses (Centers for Disease Control and Prevention, 2004, 2010) .
To improve the effectiveness of vaccines, several attempts have been made to predict the major amino acid sequence of HA1 in the target season of vaccination (Bush et al., 1999; Xia et al., 2009; He and Deem, 2010; Ito et al., 2011; Suzuki, 2013b; Luksza and Lassig, 2014) . However, the precision of prediction was limited by the random genetic drift, the incomplete sampling of epidemic viruses, the occurrence of de novo mutations, and the lack of knowledge on the mechanism of sequence evolution. In addition, the usefulness of predicted sequence was unclear because its relationship to the antigenicity was unknown.
The antigenicity of influenza viruses may be determined by the physical and chemical properties of surface amino acids in HA1 (Hensley et al., 2009; Lees et al., 2010) , as well as their relative positions to RBS (Whittle et al., 2011) and NGS (Kobayashi and Suzuki, 2012b) . Several methods have been developed for estimating the degree of antigenic difference (antigenic distance) between amino acid sequences of HA1 (Lee and Chen, 2004; Gupta et al., 2006; Lee et al., 2007; Liao et al., 2008; Huang et al., 2009; Lees et al., 2010; Suzuki, 2013b) . The purpose of the present study was to integrate the information on antigenicity into the process of selecting vaccine strains for H3N2 human influenza A virus. 
Materials and methods

Influenza seasons
Antigenic distance
Difference in antigenicity between influenza virus strains can be quantified using the hemagglutination inhibition (HI) titer. HI titer t ij is defined as the magnitude of the maximum dilution of anti-serum raised against strain i that inhibits hemagglutination of strain j. It is considered that vaccination by strain i effectively prevents infection by strain j if t ij /t ii ≤ 4 (antigenic escape threshold). The antigenic distance between strains i and (Lees et al., 2010) . Models have been developed for estimating the antigenic distance from the difference in amino acid sequences of HA1 (Lee and Chen, 2004; Gupta et al., 2006; Lee et al., 2007; Liao et al., 2008; Huang et al., 2009; Lees et al., 2010; Suzuki, 2013b ).
In the model of Suzuki (2013b) , d ij is estimated bŷ
where s denotes the amino acid site, vol and pI denote the volume (Grantham, 1974) and the isoelectric point (Nelson and Cox, 2008) . The functions f(x) and g(y) are given by f(x) = e −kx (k N 0) and g(y) = 1 − e −ly (l N 0). The δ is 1 or 0 according to whether the relative solvent accessibility of amino acid is N 0 or 0, respectively, which is obtained by computer program ASAVIEW (Ahmad et al., 2004 ) using 2HMG. A total of 1673 antigenic distances experimentally determined between the strains of H3N2 human influenza A virus, for which the nucleotide sequences encoding HA1 were available in the Influenza Virus Resource at the National Center for Biotechnology Information (Bao et al., 2008) , were retrieved from the literature (Supplementary Table S1 ). After eliminating the distances associated with the sequences containing minor gaps, ambiguous nucleotides, or premature termination codons and averaging the distances for the same pairs of strains, 382 distances between 88 strains were available for optimizing model parameters w vol , w pI , k, and l (Supplementary Table S2 ).
In the present study, the antigenic model was integrated into the process of selecting vaccine strains for H3N2 human influenza A virus. To imitate the real situation of selecting vaccine strains, the model parameters were re-optimized for each target season using only the antigenic distances between the strains that were isolated up to the end of pre-target season. Optimization was performed by minimizing the square sum of residual errors in the estimates of antigenic distances using the genetic algorithm (Tomita et al., 2000) . Three sets of random real numbers were assigned as the initial parameter values to confirm the convergence of the results (Suzuki, 2013b) .
Sequence data
Effectiveness of a potential vaccine strain for a target season of H3N2 human influenza A virus may be evaluated retrospectively using the average antigenic distance between the strain and the epidemic viruses circulating in the target season; strains with smaller average antigenic distances may be considered as more effective (Luksza and Lassig, 2014) . To obtain reliable estimates for the average antigenic distance, it is required to sample a relatively large number of epidemic viruses in the target season, so that they could reflect the composition of epidemic viruses in nature.
Nucleotide sequences encoding HA1 of H3N2 human influenza A virus without minor gaps, ambiguous nucleotides, or premature termination codons, for which the information on the time (year and month) and the place (country) of isolation was available, were retrieved from the Influenza Virus Resource (Bao et al., 2008) on July 25, 2014. The sequences were classified according to the season and the continent (Africa, Asia, Europe, North America, Oceania, or South America) of isolation, and the identical sequences classified in the same category were collapsed into one (Luksza and Lassig, 2014) . Since the sample size was relatively large (≥5) for the seasons of 1992.0 and later, 6297 sequences were regarded as representatives of epidemic viruses in seasons 1992.0 to 2014.5 (Supplementary Table S3) .
Fitness model
A model for predicting the composition of epidemic viruses in season t + 1 from that observed in the sample obtained in season t has been proposed for H3N2 human influenza A virus (Luksza and Lassig, 2014). Given the relative frequency of strain i observed in season t (x i(t) ), its relative frequency in season t + 1 (x i(t + 1) ) was estimated bŷ
where f i denotes the fitness of strain i determined by the cross-immunity to the former epidemic viruses and the thermodynamic stability of HA1 (Luksza and Lassig, 2014) . In the present study, f i was defined as
where c i denotes the sum of cross-immunity to strain j isolated in season τ of 1992.0 ≤ τ ≤ t; that is c i ¼
The g i indicates the thermodynamic stability of HA1 measured as the difference in the ΔG value from that for A/Hong Kong/19/1968 (PDB ID: 2HMG); that is g i = ∑ s ΔΔG s , where ΔΔG s is the difference at amino acid site s estimated by FOLDX (version 3.0 beta 5.1) (Guerois et al., 2002; Schymkowitz et al., 2005) . It was assumed that the stability of HA1 is optimum at g o and the fitness declines linearly to the difference from it (Bloom and Glassman, 2009). The w c and w g are the weights for cross-immunity and thermodynamic stability, respectively, and f 0 is the constant to set ∑ ixi tþ1 ð Þ ¼ 1. Similar to the case for the antigenic model, model parameters w c , w g , and g o were re-optimized for each target season t as follows. First, in each of season τ, the strain with the smallest average antigenic distance to those sampled in season τ + 1 was identified using the antigenic model. Then, w c , w g , and g o were optimized by minimizing the square sum of the estimates of average antigenic distances between the identified strains in season τ and the predicted compositions of epidemic viruses in season τ + 1, using the genetic algorithm (Tomita et al., 2000) with three sets of random real numbers assigned as the initial parameter values to confirm the convergence of the results (Suzuki, 2013b) .
Results and discussion
Effectiveness of actual vaccines and the most effective vaccine strains
The average antigenic distances were first computed between the actual vaccines for H3N2 human influenza A virus that have been administered in practice (Table 1 ) and the epidemic viruses sampled in their target seasons of 2001.0 to 2014.5, to evaluate their effectiveness retrospectively. Here it was assumed that vaccination did not affect the composition of epidemic viruses to any large extent because worldwide coverage of vaccination is small (Osterholm et al., 2012) . The average antigenic distances for actual vaccines were found to be relatively large, ranging from 0.892 to 3.170 with the overall average of 1.558 (Table 1) . In particular, for 5 out of 28 seasons examined, the average antigenic distance exceeded the antigenic escape threshold of 2. Indeed, the occurrence of antigenic drift and the discrepancy in antigenicity between actual vaccines and epidemic viruses have been reported in some of these seasons (Centers for Disease Control and Prevention, 2004, 2010) .
In human influenza viruses, the vaccine strain for target season t is identified at the end of season t − 1 (pre-target season) from the epidemic viruses isolated by then (Treanor, 2004; Russell et al., 2008a) . To identify, retrospectively, the most effective vaccine strain for each target season of 2001.0 ≤ t ≤ 2014.5, the average antigenic distance was computed between each of the strains isolated in seasons 1992.0 to t − 1 and the epidemic viruses sampled in season t. The strain with the smallest average antigenic distance was considered as the most effective vaccine strain (Table 1) . It was observed that the average antigenic distance for the most effective vaccine strain was always smaller than 2, ranging from 0.181 to 1.400 with the overall average of 0.587 (Table 1) . These values were also always smaller than those for actual vaccines obtained above. Notably, the most effective vaccine strain was identified in the pre-target season for 25 out of 28 seasons examined (Table 1) .
When the average antigenic distance for the actual vaccine was compared with those for the strains isolated in the pre-target season, the former was greater than the latter in 79.1% of the cases on average (same: 0.2%; smaller: 20.7%) (Fig. 1) . These results suggest that a strain randomly chosen in the pre-target season was expected to be more effective than the actual vaccine. This is probably because H3N2 human influenza A virus has been continuously escaping from the host immune responses through antigenic evolution (Shih et al., 2007; Suzuki, 2008) . It is therefore recommended to replace the vaccine strain for every target season by a strain isolated in the pre-target season.
Selecting vaccine strains
In replacing the vaccine strain for every target season of H3N2 human influenza A virus, it is preferable to identify the most effective vaccine strain in the pre-target season. For this purpose, it may be helpful to understand the evolutionary dynamics of the virus. It has been proposed that H3N2 human influenza A virus circulates continuously in East and Southeast (E-SE) Asia, and epidemics in temperate regions are seeded from E-SE Asia every winter season (Rambaut et al., 2008; Russell et al., 2008b) . Indeed, the phylogenetic tree of HA is known to comprise trunk branches and side clusters, which apparently represent evolutionary pathways of this virus in E-SE Asia and temperate regions, respectively. Furthermore, positive and negative selection has been detected mainly on trunk branches and side clusters, respectively, suggesting that antigenic evolution occurs mainly in E-SE Asia (Fitch et al., 1991; Suzuki, 2008) . According to this evolutionary scenario, it would be expected that the viruses circulating in E-SE Asia are not only positioned near the antigenic center of epidemic viruses in each season, but also most closely related to those in the following seasons. Then, the center-of-mass strain, which is defined as the strain with the smallest average antigenic distance to the others, in the pre-target season, may correspond to the most effective vaccine strain for the target season.
The center-of-mass strains identified for the target seasons of 2001.0 to 2014.5 are listed in Table 1 . The average antigenic distances of these strains to the epidemic viruses sampled in their target seasons ranged from 0.253 to 2.355 with the overall average of 0.887, which were always smaller than those for actual vaccines (Table 1) . The center-of-mass strain turned out to be the most effective vaccine strain for 7 out of 28 seasons examined (Table 1 ). In each pre-target season, the average antigenic distance for the center-ofmass strain was greater than those for the other strains only in 13.0% of the cases on average (same: 13.9%; smaller: 73.1%), suggesting that the center-of-mass strain was expected to be more effective than a strain randomly chosen in the pre-target season (Fig. 1) . Vaccine strains for the future epidemic seasons of 2015.0 and 2015.5 could also be identified as the center-of-mass strains, which were A/Guam/3712/2013 and A/Virginia/10/2014, respectively (Table 1) .
It has been proposed that the relative frequency of a strain in season t + 1 may be predicted from that observed in season t using the fitness model, where the fitness of a strain was assumed to be determined by the cross-immunity to the former epidemic viruses and the thermodynamic stability of HA1 (Luksza and Lassig, 2014) . Using this model, the vaccine strain may be identified in the pre-target season as the strain with the smallest average antigenic distance to the predicted composition of epidemic viruses in the target season (Luksza and Lassig, 2014) . Note that identifying the center-of-mass strain in the pre-target season is equivalent to assuming the same composition of epidemic viruses in the target and pre-target seasons for selecting vaccine strains by the fitness model (Luksza and Lassig, 2014) .
In the retrospective analysis, vaccine strains could be identified by the fitness model only for the target seasons of 2011.0 to 2014.5, because of a failure in optimizing the model parameters due to relatively small numbers of data points available for computation (Table 1 ). In addition, for seven out of eight seasons examined, the average antigenic distance for the vaccine strain identified by the fitness model was greater than that for the center-of-mass strain obtained above (Fig. 1) . The vaccine strain for the future epidemic season of 2015.0 identified by the fitness model (A/Guam/3712/2013) was the same as the center-of-mass strain, supporting the reliability. For season 2015.5, however, a different strain (A/Washington/3810/2014) was identified by the fitness model, which was likely to be less reliable than the center-of-mass strain as suggested from the results of the retrospective analysis (Table 1) . Similar results were observed when either the crossimmunity or the thermodynamic stability was allowed to be included in the fitness model (data not shown).
The influenza virus forecasting system (INFLUCAST)
In the present study, the effectiveness of a potential vaccine strain for a target season of H3N2 human influenza A virus was evaluated retrospectively using the average antigenic distance between the strain and the epidemic viruses sampled in the target season. The most effective vaccine strain was identified mostly in the pre-target season and the effectiveness of actual vaccines appeared to be lower than that of the strains randomly chosen in the pre-target season on average. It was recommended to replace the vaccine strain for every target season with the center-of-mass strain in the pre-target season. Recently, complicated algorithms based on the phylogenetic analysis have been devised to identify the strains that were likely to be more effective than actual vaccines in the pre-target seasons (Luksza and Lassig, 2014; Steinbruck et al., 2014) . However, the strains isolated in the pre-target seasons were expected to be more effective than actual vaccines as indicated above, and thus it may be more meaningful to identify the most effective vaccine strains in the pre-target seasons. The procedure described in the present study provides a simple way directed toward this purpose.
The procedure of selecting vaccine strains for future epidemic seasons described in the present study was implemented in the influenza virus forecasting system (INFLUCAST) (http://www.nsc.nagoya-cu.ac.jp/ yossuzuk/influcast.html). The system should be continuously updated with accumulation of HI and sequence data and upgraded by improving the antigenic model Xia et al., 2012) , the measure of thermodynamic stability Han and Marasco, 2011; Kryazhimskiy et al., 2011) , and the fitness model (Soundararajan et al., 2011; Ekiert et al., 2012; Kobayashi and Suzuki, 2012a; Omori and Sasaki, 2013) . It is also important to incorporate missing variations due to incomplete sampling of epidemic viruses and de novo mutations into the system. The last problem arises because inactivated vaccines are administered to induce systemic humoral immunity against variable proteins for human influenza viruses. This problem may be avoided by targeting conserved proteins as in the case of poliovirus (Suzuki, 2004) , or by inducing heterologous immunity with live-attenuated vaccines as in the case of rotavirus (Soares-Weiser et al., 2010; Cortese et al., 2013) . It should be noted, however, that the evolutionary mechanism of amino acid sequence may be integrated with that of antigenicity (Suzuki, 2013b) , suggesting that the system may be extended to predict the antigenic evolution.
Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.mgene.2015.03.003.
